Introduction
In this paper, ideas from the fields of evolution and genetics are incorporated in a new approach to solve heat transfer problems. Biological metaphors have been used as problem-solving strategies in the engineering sciences for well over fifty years (Denning, 1992) . Early efforts include the work of Box ( 1957 ) and Friedman (1959) . A rigorous mathematical formalism was introduced by Holland and his collaborators, and that formalism was first referred to as "genetic algorithms" by his student Bagley (1967) . A comprehensive review of this field can be found in the book by Goldberg (1989) . Genetic algorithms have been used primarily as search and optimization strategies in the areas of design, artificial intelligence, machine learning, and control.
The unquestionable ability of nature to produce solutions through an evolutionary-genetic approach and the success of "genetic algorithms" in engineering suggests that a similar approach could be also useful in analyzing situations governed by prescribed physical laws. The primary goal of this paper is to illustrate and demonstrate the feasibility of this conceptually new approach to solving problems in physics. Thus, this paper shows how concepts from evolution and genetics can be used to analyze a problem governed by the conservation of energy principle. First, the general principles will be discussed, followed by an illustration of the method through the solution of one and two-dimensional transient heat conduction problems.
Evolutionary-Genetic Methodology
In Darwinian evolution, only individuals most fit to withstand the rigors of their environment survive to reproduce and create future gone pools (while other, maladaptive individuals perish along the way). The properties of each individual are described using a chromosome, and reproduction between individuals occurs through the exchange of respective alleles within chromosomes. In this section we will establish a series of parallel concepts between Darwinian evolution and genetics with those of energy conservation and heat transfer.
Coding. In nature, the properties of an organism are described by a string of genes in the chromosome. In dealing with a problem of heat transfer, the most natural way to represent the solution is through the temperature distribution in the domain. The temperature distribution can be encoded as a string of normalized temperatures at discrete spatial and temporal locations. The trial solutions then become similar to chromosomes in form.
Every solution, or chromosome, is composed of a string of alleles. In nature, each allele represents a particular characterisTo whom the correspondence should be addressed. Contributed by the Heat Transfer Division and based on a paper presented at the Symposium honoring Chancellor C. L. Tien, held at the International Mechanical Engineering Congress & Exposition, San Francisco, California, November 12-17, 1995 tic of the organism and is itself encoded in an alphabet composed of four letters. In problems that require the use of computers, the most natural way to encode the temperature is through a string of binary numbers. In this study we decided first to normalize the temperatures in the analyzed domain, and then represent the temperatures using a string of bits. For example, the use of six bits discretizes the temperature into 1/63 (0.015873). The discretization level can be halved by adding another bit to code the temperatures. In the methodology developed here, the solution (temperature chromosome) will be a string of binary numbers, such that the relation between their order in the string and the spatial location of the temperatures is maintained. Figure 1 is an example of a chromosome with five discrete temperatures each represented by six-bit alleles.
Fitness Criterion. In nature, organisms are exposed to environmental stresses, and the fitness of the organism corresponds to its ability to survive these stresses. In natural selection the "best" or "fittest" solution is selected for the mating process. But how do we determine what is "best" in a problem of heat transfer? We suggest that in a problem of physics, the fitness criterion should be related to how well a solution satisfies the fundamental physics of the problem, which in heat transfer is the principle of conservation of energy. To this end, we have formulated a fitness criterion based on the principle of conservation of energy which incorporates both local and global conservation. The local conservation of energy criterion is established by performing a local energy balance on a prescribed control volume, n:
Since this formulation is general, it can incorporate energy contributions by conduction, convection, or radiation. Obviously, the ideal solution will satisfy the principle of conservation of energy precisely, both in.a local and in a global sense. The relative fitness of a solution can be evaluated by its departure from the ideal behavior. That departure can be viewed as an error of the solution. We will list here a few types of errors that may be used to characterize the "fitness" of the solutions. The error associated with each local energy balance, in control volume n, is:
From the local error we can define the absolute average local error, Et,, as:
where N is the total number of control volumes, and the maximum local error, gt,., as:
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A boundary error term, E~, which depends upon the particular formulation of the problem can also be created. This term can take two different forms, either related to an energy balance as in Eq. (2) or having a prescribed temperature.
In this paper we chose to relate the fitness of a solution to the compliment of the weighted sum of the errors. Specifically, the fitness, f, is related to the boundary, local, and global errors by the equation: f = l -(wb" eb + Wit" Eft + wt.," Elm + Wg" Eg) (6) where wb, wt,, Wtm, and Wg are weights chosen by the user to emphasize the relative importance of the different errors. Here we chose the values of the weights based upon intuition and physical understanding of the problem. For instance, the global error was added to assess a higher penalty to those solutions with temperature profiles that have erroneous inflection points, or in effect conflict with the corollary of the second law of thermodynamics. Minimizing this criterion tends to smooth the temperature curve. The 1/N term in Eqs. (3) and (5) keeps the error between zero and one. The fitness value must always be positive; therefore the values of the weights were chosen so that the term in the parentheses is never greater than one. Studying the significance of the fitness function and of the weights is an important aspect for future research in this area.
Method of Solution. The general fitness criterion in Eq.
(6) is expressed in terms of energy sources and the solution string is expressed in terms of local temperatures. One possible method to correlate between heat sources and temperature is by dividing the analyzed domain into finite difference like equal regions and performing a local energy balance for each region. In the energy balance the heat flux into the control volume can be approximated by a finite difference formulation of Fourier's equation and the energy storage term by an Euler forward approximation (Incropera and DeWitt, 1990) . It is important to understand that the finite difference approximations were used here for their simplicity and convenience. However, the evolutionary genetic principle of analysis formulated here is much broader and fundamental and is not restricted to a finite differenee formulation. In fact, we anticipate that many other formulations will be developed to incorporate the use of concepts from evolution and genetics to solve physical problems.
Using the finite difference approximations for a one-dimensional problem, the local error in each control volume (n) at a particular time step takes the form:
where Ax is the distance between the nodes, a is the thermal diffusivity, and At is the time step. Equation (7) can be used to evaluate the local errors for each temperature string. Then, the fitness criterion is established for each solution by evaluating Eq. (6) for that string. This fitness criterion, Eq. (6), is used to determine the probability of a solution becoming a parent and transferring its genetic content to the next generation.
Selection and Reproduction.
In nature the probability that an organism will become a parent is related to its fitness. The process of reproduction in nature involves the exchange of genetic material between the two parents, i.e., exchange of parts of the chromosome between the parents. In the methodology developed here the selection and reproduction process emulates the process in nature and is typical of other genetic algorithms (Goldberg, 1989) .
The selection process is similar to a roulette wheel in which the space allotted to each solution is proportional to its fitness (Denning, 1992) . In choosing two parents, the roulette wheel is turned at random using a random number generator. Obviously, the fittest solution has a greater probability of becoming a parent. Thus, the probability of a particular chromosome being selected for reproduction is that chromosome's fitness divided by the total fitness of the population.
After selecting two chromosomes, the algorithm needs to exchange genetic information between the two parents. Mating is simply a random exchange of alleles between two fit solutions with an occasional mutation.
There are two methods the program alternately selects to exchange alleles. In the first, a random crossover point is selected. Up to the crossover point one parent is copied to one child and the other parent is copied to the second. After the crossover point the second parent is copied to the first child. For the second, every other allele in the chromosomes are switched.
To reduce the possibility of the degeneration of the solution, the best solution is kept from one generation to the next.
DNA mutations in biological genes occur when a random change of a base pair causes the structure of a gene to be permanently altered, creating new variability in the fitness of the individual. Here, mutations within individual solutions are also possible. When a solution mutates, a bit inside an allele changes from zero to one or vice versa. This creates new variability in the fitness of the individual solution.
In a typical procedure, a large population of solutions is generated randomly. The members of the solution are evaluated according to the fitness criterion, mated and caused to reproduce, with an occasional mutation. This continues from generation to generation until a final solution that satisfies a desirable prescribed fitness criterion is achieved.
Results and Discussion
The methodology described in this paper has been applied to a few simple cases of conduction heat transfer, for illustration of the method. The first problem solved is that of conduction heat transfer in a one-dimensional slab, with an original temperature of zero. One side is continuously kept at the temperature of zero while the other side temperature changes with a constant rate, H. This can be expressed mathematically through:
The solution was developed using the methodology described above. The program was written in Pascal using a Macintosh Centris 650 computer with 16 MB of RAM. Different tests were employed varying time step, chromosome length, allele length, and random seed (original members of population).
Typical temperature profiles for different instances in time were obtained from the solution of the one-dimensional problem, Eq. (8), in which the values of H and cz, the thermal diffusivity, are one. Figure 2 compares exact solutions (Myers, 1987) with results obtained by the method developed in this paper (marked points). The numbers in the legend correspond to the dimensionless time of the solution. The evolutionarygenetic solution has used a seven-node chromosome, containing six bits with a 0.125 nondimensional time step. The population consisted of 100 members, and each time step was carried out to a maximum of 150 generations. The two different figures were obtained from different randomly generated original members of the population.
It is obvious from Fig. 2 that the results obtained with this method inspired from evolution and genetics are accurate, and that the accuracy of the solution does not depend strongly on the original randomly generated members of the family of solutions. Table 1 lists the number of generations, i.e., iterations, it takes for an original family of 100 members to converge to a solution of Eq. (8), with a fitness greater than 0.98, during each time step. The fitness that was achieved after these numbers of iteration is in parenthesis. (An ideal solution would have fitness of 1.00.)
To further verify the features of the method developed in this paper, it was tested against a two-dimensional square case in which the initial temperature was zero, the temperature of three sides of the square is zero, and the temperature on one of the sides changes with a constant rate H. These conditions are given below:
A typical two-dimensional temperature profile obtained for a 25-node solution with nine unknowns using a six-bit temperature chromosome is shown in Fig. 3 . Figure 3 shows that this method can handle two-dimensional problems, which are not more difficult to solve than one-dimensional problems. It should be noted that the symmetry across the center line is remarkable, Transactions of the ASME considering that the method of solution begins with random temperature strings that do not have any symmetry. Figure 4 shows how the midsection solution given by discrete data points compares with the exact solution given as a solid line. The accuracy of the solution is evident.
Conclusions
A new approach was developed for the solution of problems of heat transfer. The approach employs a biological metaphorical strategy to search for the fittest solution and incorporates laws of physics in establishing the fitness criterion for the solution. After developing the general methodology, two case studies were performed to illustrate and analyze the method.
It is obvious that much work needs to be done in expanding and improving the technique. Biological concepts such as dominance, expression, and diploidy would make the methodology more analogous to biological genetics. The results obtained so far nonetheless suggest that this method could become valuable in solving complex problems of heat transfer, in particular problems with highly irregular local behavior or material properties. Similar concepts can be developed for solving problems involving mass transfer, elasticity, fluid mechanics, and other problems involving the search for solutions that are governed by physical laws.
